A Candida albicans mutant with mutations in the N-acetylglucosamine (GlcNAc) catabolic pathway gene cluster, including the GlcNAc-6-phosphate deacetylase (DAC1), glucosamine-6-phosphate deaminase (NAG1), and GlcNAc kinase (HXK1) genes, was not able to grow on amino sugars, exhibited highly attenuated virulence in a murine systemic candidiasis model, and was less adherent to human buccal epithelial cells in vitro. No germ tubes were formed by the mutant after induction with GlcNAc, but the mutant exhibited hyperfilamentation under stress-induced filamentation conditions. In addition, the GlcNAc catabolic pathway played a vital role in determining the colony phenotype. Our results imply that this pathway is very important because of its diverse links with pathways involved in virulence and morphogenesis of the organism.
(SD medium) plates (0.67% yeast nitrogen base [YNB] without amino acids, 2% dextrose, 2% agar) to obtain Ura ϩ transformants. After confirmation of disruption by Southern analysis (Fig. 1B) , a Ura ϩ transformant (N-2) was screened for Ura-cured segregants on 5-FOA plates (4) . A Ura Ϫ mutant (N-2-1) (Fig. 1B) was transformed with the 5.97-kb SalI fragment to disrupt the second copy of NAG1 by using a similar process in order to generate the homozygous mutants N-2-1-6 (Ura ϩ ) and N-2-1-6-1 (Ura Ϫ ). For Southern analysis of genotypes, genomic DNAs isolated (18) from the transformants were digested with SalI (1 to 2 g of DNA), and hybridization was performed at 42°C by using a 32 P-labeled 3.91-kb SalI fragment from pED4 as the probe. The genotypes of all of the mutants generated in this study are shown in Table 1 .
When homozygous mutant N-2-1-6 was checked for growth on glucose (SD medium), GlcNAc (0.67% YNB, 2% GlcNAc, 2% agar), and GlcN (0.67% YNB, 2% GlcN, 2% agar) at 30°C, it was not able to grow on amino sugars (Fig. 1F) , while no growth defect was observed in the case of the Ura ϩ parental control (SC5314) (16) and heterozygous mutant (N-2) strains. Growth at 37°C exhibited a similar pattern (data not shown).
In the process of NAG1 disruption, the GlcNAc-6-phosphate deacetylase (DAC1) gene was also functionally impaired because it shares a bidirectional promoter with NAG1 (Fig.  1A) . In order to create a revertant, a construct was made by inserting the hisG-URA3-hisG cassette at the NcoI site downstream of NAG1 in pED4 (Fig. 1C) . The 7.9-kb SalI fragment from recombinant P-33 was integrated into the genome of homozygous mutant N-2-1-6-1 by using the spheroplast method of transformation, and it was checked by Southern analysis (Fig. 1D) . The 3.91-kb SalI fragment from pED4 was used as the probe. The revertant generated, N-2-1-6-1ϩP-33, with functional DAC1 and NAG1 genes, failed to restore growth on GlcNAc (Fig. 1F) , indicating that the region downstream of NAG1 contained a gene important for catabolism. A BLAST homology search of the National Center for Biotechnology Information website disclosed the presence of a hexokinase (HXK1) gene in the cluster along with DAC1 and NAG1 (22) . Although clusters of functionally related genes are less prevalent in eukaryotes, it has often been reported that genes for dispensable metabolic pathways in fungi are organized in clusters. Our data establish, for the first time, that there is a gene cluster in C. albicans (22) . The inability of the hxk1 mutant (N-2-1-6-1ϩP-33) to grow on GlcNAc suggests that HXK1 is the GlcNAc kinase gene. This mutant surprisingly did not grow on GlcN. It has been hypothesized that GlcN is phosphorylated by a different kinase (43) , but the failure of the hxk1 mutant to grow on GlcN suggests that the same kinase is responsible for phosphorylation of both GlcNAc and GlcN. The inability of the homozygous mutant to grow on GlcNAc and GlcN also established that this is the sole pathway for utilization of amino sugars. To restore function, revertant P-4, which was heterozygous for the DAC1, NAG1, and HXK1 genes, was created by integrating the SalI fragment from pED4 into the genome of N-2-1-6. Transformants were selected on GlcNAc plates, and integration was confirmed by Southern analysis (Fig. 1E ). P-4 restored growth on amino sugars (Fig. 1F) .
The GlcNAc catabolic pathway of C. albicans is very similar to that of Escherichia coli, in which both GlcNAc and GlcN can induce the Nag regulon (30) . Besides E. coli, utilization of GlcNAc has also been reported for other pathogenic bacteria, such as Klebsiella pneumoniae and Vibrio cholerae. Therefore, development of the amino sugar catabolic pathway during evolution could be a common feature of many pathogens.
In addition to its role as a carbon and nitrogen source, GlcNAc can induce cellular morphogenesis in C. albicans (34) . After induction with 2.5 mM GlcNAc at 37°C in salt base (0.335% YNB, 0.45% NaCl) (38) , homozygous mutant N-2-1-6 stayed in the yeast form, and there was a total lack of formation of germ tubes; in contrast, wild-type strain SC5314 formed profuse germ tubes (Fig. 2) . Heterozygous mutant N-2 and revertant P-4 exhibited no defect in germ tube formation and formed elongated germ tubes similar to those of SC5314 (Fig.  2) . Formation of germ tubes is accompanied by heavy aggregation of cells (34) , but unlike the wild-type, heterozygous mutant, and revertant strains, the homozygous mutant failed to form aggregates after induction with GlcNAc, as determined visually (data not shown).
Since transport of GlcNAc inside cells is not necessary for germ tube induction (35) , the total lack of germ tube formation by the mutant is an interesting phenomenon. We hypothesize that disruption of the pathway probably disturbed the cell surface receptor(s) responsible for reception or transmission of signals. It would be interesting to identify the link between the catabolic pathway and cellular signaling.
It has been suspected for a long time that dimorphism is a mechanism of virulence (21) . The effect of the disruption on colony morphology was studied by using previously described media, such as SLAD (17) and Spider medium (23) . Cells of SC5314, N-2, N-2-1-6, and P-4 were grown in SD medium at 30°C for 2 days, counted with a hemocytometer, plated on SLAD plates (0.17% YNB without amino acids and ammonium sulfate, 2% dextrose, 2% Bacto Agar 
and N-2-1-6-1 (dac1nag1hxk1/dac1nag1hxk1 ura3). When the first allele of DAC1NAG1HXK1 was disrupted, the 3.91-kb SalI fragment of the undisrupted allele gave rise to a 5.97-kb SalI fragment as a result of integration of the disruption cassette by homologous recombination, as seen in N-2. Curing of URA3 resulted in loss of the hisG-URA3 fragment and in a smaller, 3-kb SalI fragment, as seen in N-2-1. Integration of the 5.97-kb SalI disruption cassette in N-2-1 resulted in two SalI fragments, which were 5.97 and 3 kb long, as seen in N-2-1-6. Curing of URA3 in this homozygous mutant resulted in two 3-kb SalI fragments. (C) hisG-URA3-hisG cassette inserted at the NcoI site downstream of NAG1, shown in construct P-33. (D) Southern blot of SalI-digested genomic DNA of N-2-1-6-1ϩP-33 (DAC1NAG1hxk1/ dac1nag1hxk1 URA3). The 7.9-kb SalI cassette of P-33 was integrated into N-2-1-6-1. (E) Southern blot of SalI-digested genomic DNA of final revertant P-4. The 3.91-kb SalI fragment of pED4 was integrated into N-2-1-6. In panels B, D, and E, the 3.91-kb SalI fragment from pED4 was the probe. In panels D and E, the 3.91-kb SalI fragment from wild-type CAF3-1 was the marker. (F) Growth of wild type and mutants on glucose and amino sugars at 30°C. Sector 1, SC5314 (wild type, Ura ϩ ); sector 2, N-2 (heterozygous mutant); sector 3, N-2-1-6
(homozygous mutant); sector 4, N-2-1-6-1ϩP-33 (hxk1 mutant); sector 5, P-4 (heterozygous revertant). Note that the hxk1 mutant was not able to grow on GlcN. Homozygous mutant N-2-1-6 exhibited a novel pattern of filamentation consisting of very extensive ramified filaments on SLAD plates (Fig. 2) . A dramatic change in colony phenotype was observed on Spider medium plates that had extensive filamentation; there was an unusual irregular wrinkled colony surface consisting of entangled hyphae (Fig. 2) . The hyperfilamentation displayed by N-2-1-6 on SLAD and Spider medium plates established, for the first time, the role of the GlcNAc signaling pathway in morphogenesis of C. albicans under stress-induced conditions. However, heterozygous mutant N-2 and revertant P-4 did not produce an intermediate filamentation pattern, and they exhibited a highly compromised state of filamentation, suggesting that gene dosage is important for morphogenesis of C. albicans under certain inducing conditions, a phenomenon that was observed in previous studies (14) . FIG . 2. Morphology of GlcNAc catabolic pathway mutants under different hypha-inducing conditions. Wild-type (SC5314), heterozygous mutant (N-2), homozygous mutant (N-2-1-6), and heterozygous revertant (P-4) strains were induced for filamentation under different conditions. After induction with 2.5 mM GlcNAc, the homozygous mutant exhibited a complete lack of germ tube formation, while SC5314, N-2, and P-4 formed germ tubes. N-2-1-6 was hyperfilamentous on SLAD and Spider medium plates. A novel colony morphology displayed by the homozygous mutant on a Spider medium plate is shown. N-2 and P-4, which are heterozygous for the catabolic pathway genes, failed to exhibit an intermediate phenotype. The original magnifications are indicated. This study N-2-1-6-1 (homozygous mutant, Ura Ϫ ) N-2-1-6 ⌬dac1-pro⌬nag1⌬hxk1::hisG/⌬dac1-pro⌬nag1⌬hxk1::hisG ⌬ura3/⌬ura3 This study N-2-1-6-1ϩP-33 (hexokinase mutant, Ura ϩ , dac1nag1hxk1/DAC1NAG1hxk1) N-2-1-6-1 ⌬dac1-pro⌬nag1⌬hxk1::hisG/DAC1NAG1⌬hxk1::hisG-URA3-hisG ⌬ura3/ ⌬ura3
This study
Hyperfilamentation could be the result of derepression of a repressor like RBF1 (20) or TUP1 (5); mutants with mutations in these genes exhibit excessive filamentation. Alternatively, the pathway could act coordinately with components of the mating hyphal mitogen-activated protein kinase pathway (11, 25) , with Efg1p, an essential regulator of filamentation that acts downstream of the Ras-cAMP-Tpk2p pathway (24, 38, 40) , or with other pathway components involved in morphogenesis and virulence (8) . In addition, the GlcNAc catabolic pathway also plays a role in determining colony surface morphology that could be mediated by one of the signaling pathways mentioned above.
To investigate the role of the GlcNAc catabolic pathway in the virulence of C. albicans, hematogenously disseminated candidiasis was studied in the BALB/c mouse model (1, 9, 11). Female mice (age, 8 to 10 weeks; body weight, 18 to 20 g) were used in groups of eight per dose per strain. Wild-type (SC5314), homozygous mutant (N-2-1-6), and revertant (P-4) cells were grown on YPD (1% yeast extract, 2% peptone, 2% dextrose) plates at 30°C for 48 h, washed twice with phosphatebuffered saline (PBS), and counted, and an aliquot plated on YPD was grown overnight to determine the number of CFU. Doses containing 10 6 CFU per 200 l of PBS were prepared, and mice were injected intravenously through the lateral tail vein. When the homozygous mutant was used, none of the mice died by day 25, but when the wild type was used, all of the mice died by day 11. The virulence of the revertant was less than that of the wild-type strain, and 25% of the mice survived to the end of the experiment (Fig. 3A) . The doses of the homozygous mutant used in the experiments and the length of the period for which survival of the mice was monitored indicated that the virulence of the homozygous mutant was highly attenuated.
C. albicans in systemic infections is known to infect vital organs, and for some unexplained reason kidneys are the most conspicuously affected organ. The fungal loads recovered from mouse kidneys infected with wild-type, homozygous mutant, and revertant strains are shown in Table 2 log rank test revealed that the overall differences in survival among the strains were statistically significant (P ϭ 0.0014). Symbols: F, wild-type strain SC5314; ‫,ء‬ homozygous mutant N-2-1-6; Ⅺ, revertant P-4. (B) Histology of kidneys 24 h postinfection. Mice were challenged with 10 6 blastospores of the SC5314 (wild-type), N-2-1-6 (homozygous mutant), and P-4 (revertant) strains. Sections (thickness, 6 m) were stained with periodic acid-Schiff reagent. Kidneys that were infected with the wild-type and revertant strains were fully infested with fungus and had large necrotic areas, while few Candida cells were observed when the mutant was used. Note that the mutant was able to form hyphae. Magnification, ϫ400.
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on November 8, 2017 by guest http://iai.asm.org/ into the lateral tail vein of each mouse. Chloroformed mice were euthanatized by cervical dislocation after 24, 48, and 72 h. The kidneys were removed, weighed, and crushed in sterile mortars with sterile pestles in 5 ml of PBS. Dilutions were prepared, and aliquots were plated on YED-chloramphenicol plates (1% yeast extract, 2% dextrose, 2% agar, 5 g of chloramphenicol per ml) and incubated at 30°C for 2 days. Colonies were counted, the numbers of CFU per gram of tissue were determined, and the values were expressed in terms of log 10 CFU . The mice infected with wild-type and revertant strains had very high fungal loads in their kidneys 24 h postinfection, as shown by the high number of CFU that rapidly increased ( Table 2 ). The mice inoculated with the homozygous mutant had a strikingly low fungal burden on the first day, and the number of organisms recovered after 72 h was lower ( Table 2 ). The trend towards renal clearance observed in mice infected with the homozygous mutant clearly indicates that a functional GlcNAc catabolic pathway in C. albicans is essential for colonization of the target organs.
To find out more about the behavior of the homozygous mutant in vivo, histopathological studies were conducted by using 10
6 CFU with groups of four mice per strain. Kidneys removed 24 h postinfection were fixed in 10% formaldehyde-PBS, sectioned (thickness, 6 m) in paraffin blocks, and stained with periodic acid-Schiff reagent by using conventional procedures. The sections revealed huge focal collections of Candida cells in the case of wild-type and revertant strains (Fig. 3B) . In contrast, the area infected by the mutant strain was very small, but the mutant formed mycelia like those of the wild type (Fig. 3B) . From the results we determined that the loss of virulence was not due to a defect in filamentation.
The possibility that virulence was lost because of retarded growth of the homozygous mutant was ruled out by determining the growth rates of the wild-type, homozygous mutant, and revertant strains in YPD at 30°C, in 2ϫ YPD at 37°C (24) , and in serum at 37°C (in vitro) by measuring the rates of glucose consumption (15) . No significant difference in the growth rates was observed in any case (data not shown).
The virulence of Candida species is closely correlated with the ability of the organisms to adhere to cells in vitro (7, 33) . We speculated that the initial low numbers of fungus cells recovered from kidneys infected with the homozygous mutant could have been due to a lower ability of the mutant to adhere to endothelial cells in vivo, resulting in rapid clearance from the blood. We examined the abilities of SC5314, N-2-1-6, and P-4 to adhere to human buccal epithelial cells (HBEC) in vitro by performing a visual assay (2) . The strains were grown on YPD plates at 30°C for 2 days and washed with 0.02 M PBS (0.02 M NaCl, 0.15 M Na 2 HPO 4 ; pH 7.2), and the cells were counted. HBEC from three male and female volunteers (ages, 28 to 31 years) were washed with 0.02 M PBS and counted. A total of 10 7 Candida cells were incubated with 10 5 HBEC in 0.02 M PBS at 37°C for 1 h. The cells were then passed through 12-m-pore-size filters obtained from SPI Supplies and washed with 0.02 M PBS. The contents of the filters were transferred to microscope slides and stained with crystal violet. The total number of Candida cells adhering to 100 HBEC was determined. The experiment was repeated three times, and a statistical analysis (standard error of the mean) was done with GraphPad Prism 2.01 software. The number of C. albicans cells that adhered per HBEC was considerably lower in the case of the homozygous mutant (42.7% reduction compared to the wild type) (Fig. 4) , which partially accounts for the loss of virulence.
Our results demonstrate that C. albicans requires a functional GlcNAc catabolic pathway to become successfully established in systemic infections. We considered the many factors that are responsible for the virulence of this organism and examined the possible alterations that might have resulted in attenuation of virulence in a homozygous mutant. Although there is no compelling evidence that filamentation plays a definite role in virulence, it is widely believed that the two events are correlated, as many mutants defective in in vitro filamentation are also less virulent in systemic infections (11, 24) . However, C. albicans cells recovered from lesions have both yeast and filamentous forms, suggesting that both forms are important for virulence. It has been observed that an efg1 cph1 double mutant that is not filamentous under most in vitro induction conditions and exhibits highly attenuated virulence in mouse systemic infections retains the ability to form filaments at sites of infection (24, 32) . On the other hand, a cpp1 mutant is hyperfilamentous in vitro but is not hypervirulent; rather, it displays attenuated virulence in mouse systemic infections (10) . Our studies show that a homozygous mutant with a mutation in the GlcNAc catabolic pathway is highly attenuated in terms of virulence, although there is no defect in in vivo filamentation. Whether filamentation plays an important role in virulence remains a moot point, but from our results it appears that the GlcNAc catabolic pathway may not be important for filamentation in serum. This was further shown by in vitro filamentation of the homozygous mutant in serum, which exhibited no defect (data not shown). There is no known interaction of this pathway with RAS1, which is important for filamentation in serum (12) and possibly under many other filament-inducing conditions. Filamentation may not be an important attribute in conferring virulence to the organism but could be a process that is regulated concurrently with many factors that play important roles in virulence.
The possibility that the GlcNAc catabolic pathway is important as a source of carbon in vivo can be ruled out because glucose is available to the cells in serum. In addition, a recent report showed that a GlcNAc concentration of less than 10 M in serum was not sufficient to support growth of the organism (26) . The importance of the GlcNAc catabolic pathway probably lies in the diverse link that it establishes with mechanisms involved in production of different virulent factors, which could be adhesins (41) or hydrolytic enzymes (19, 42) . The possibility that there is a defect in cell wall or cell surface structure which leads to a loss of virulence should also be considered since GlcNAc is polymerized into chitin, an integral component of the cell wall (6) . It would be very interesting to investigate the prospective routes of the GlcNAc catabolic pathway regulating virulence and morphogenetic signaling in C. albicans.
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